Introduction
Phosphate is essential for the growth of photosynthetic organisms as they can provide organisms with energy and vital elements. However, excessive concentrations of phosphate cause eutrophication which reduces the quality of aquatic environment and even poses a risk to aquatic communities and human life. Most of phosphate in wastewater is derived from domestic, industrial and agricultural sources . Additionally, the increasing demand for global food production in turn requires rising production of fertilizers to ensure the development of agricultural products. Moreover, phosphorus is a non-renewable resource and its global supply will all be consumed in 200 years (Huang et al., 2014) . Thus, removing phosphate from sewage and its recovery can inhibit eutrophication to occur and also be a supplementary source for fertilizers production in agriculture. As sewage sludge is mainly disposed by incineration or landfill and both of http://dx.doi.org/10.1016/j.biortech.2016.07.003 0960-8524/Ó 2016 Elsevier Ltd. All rights reserved. the methods may somewhat impair the environment, recovering phosphate from sewage can minimize the production of sewage sludge and the detrimental effects of the disposal of sewage sludge on environment thereby reduce. Sewage has the highest potential to recover PO 4 3À -P because the entire amount of recovered phosphate from municipal wastewater could theoretically accounts for 15-20% of the global phosphorus demand (Yuan et al., 2012) . For this reason, the phosphate recovery has high priority in sewage treatment.
Currently, the biological process for phosphate removal (e.g. Enhanced Biological Phosphorus Removal, EBPR) is more attractive despite chemical phosphate removal (e.g. chemical precipitation) used more widely (Verstraete et al., 2009) . EBPR system has been utilized for phosphate recovery as it could concentrate phosphate both in liquid (e.g. anaerobic digester supernatant) and solid phases (e.g. sewage sludge/ash) (Tarayre et al., 2016; Xie et al., 2011) . In fact, the phosphorus concentration in sewage is low (<10 mg/L) while phosphate recovery and reuse are more feasible with rich phosphate in a wastewater stream . To overcome this difficulty, EBPR system shows its high potential to recover phosphate from sewage. For instance, EBPR can be applied to different sewage sources containing 20-100 mg/L of phosphorus with over 90% of phosphorus removed (Mulkerrins et al., 2004) .
The potential locations for biological phosphate recovery are summarized in Fig. 1 . Through anaerobic digestion, the organic substances in municipal wastewater and sewage sludge can be decomposed with simultaneous production of soluble phosphate. As such, anaerobic digestion supernatant (A), reject water (B) and sludge dewatering filtrate (C) contain high concentrations of phosphate as the liquid sources for phosphate recovery. Dry surplus sludge (SS) (1) and sewage sludge ash (SSA) (2) have been used previously for direct land application as the fertilizers. However, they were banned in some European counties such as Switzerland (Schoumans et al., 2015) because they contained heavy metals, pathogens and toxic substances. SS is incinerated to achieve SSA without organic matter retained. Although most heavy metals are enriched in SSA, mercury is evaporated due to its low boiling point (Lederer and Rechberger, 2010) . The big challenges for recovering phosphate from the potential sources are to find the way to reduce the disturbance caused by foreign ions and separate recovered phosphate from heavy metals and toxic substances. Nevertheless, biological process integrated with innovative subsequent processes could lead to an efficient and effective system for phosphate recovery.
Even though some reviews have discussed biological phosphate recovery from sewage, to our knowledge, most of them focus on the general information without detailed comparison. Hence, this article presents a comprehensive review on biological phosphate recovery integrated with subsequent process from sewage towards developing a better phosphate recovery process for more effective process design in sewage treatment plants. The application at plant-scale, mechanism and governing parameters of the phosphate recovery are also discussed.
2. Biological phosphate recovery in sewage treatment 2.1. Mechanism Fig. 2 demonstrates the mechanism of biological process for phosphate recovery (Wong et al., 2013) . Generally, the biological phosphorus recovery includes phosphate release under anaerobic conditions and subsequent phosphate uptake and storage in the activated sludge in the form of intracellular polyphosphate under aerobic conditions. Anaerobically, polyphosphate is hydrolyzed and then releases phosphate from the cell as well as the relevant metal ions such as Mg 2+ and K + , causing the increase in the residual concentrations of P in wastewater. This process could generate energy for the carbon sources (mainly the volatile fatty acids (VFAs)) uptake and intracellular storage in the form of poly-b-hydroxyalkanoates (PHAs) by polyphosphorus accumulating organisms (PAOs) (Ye et al., 2013; Zeng et al., 2011) . The formation of PHAs needs reducing power which is mainly derived from the glycolysis of internally stored glycogen (Mino et al., 1998; Tayà et al., 2011) . It is worth noting that the oxidation of VFAs can support the partial reducing power via the tricarboxylic acid (TCA) cycle (Zhou et al., 2010) . The anaerobic metabolism of PAOs has its enormous advantages compared to the ordinary heterotrophic organisms (OHOs). This may be attributed to the absence of external electron acceptors for OHOs to utilize the carbon sources in this scenario (Yuan et al., 2012) . Subsequently, PAOs can utilize their previously stored PHAs as the energy source to promote cell growth, replenish glycogen, take up and store phosphate as polyphosphate incorporated into the biomass under aerobic microenvironment. In this scenario, PAOs may have luxury uptake as the amount of phosphate uptake is more than the biomass growth requirement while surplus sludge containing phosphate is discharged for the achievement of phosphate recovery . The metal ions such as Mg 2+ and K + are also taken up by PAOs, and concentrated and incorporated into the sludge biomass (Yuan et al., 2012) . Additionally, some PAOs can use nitrate or nitrite as the electronic acceptor instead of oxygen to take up P under anoxic conditions with denitrification occurring simultaneously (Frison et al., 2015 , 2015) . This scenario could also produce active sludge containing rich phosphate with simultaneous removal of nitrogen.
Operating parameters
Glycogen accumulating organisms (GAOs) may compete with PAOs for carbon sources under alternating anaerobic and aerobic/ anoxic conditions for their proliferation . However, GAOs may not contribute to the phosphate release and uptake so as the existence of GAOs may inhibit the phosphate release and uptake by PAOs and thus reduce the efficiency of phosphate recovery. The parameters including temperature and pH may affect the competition between PAOs and GAOs in the phosphate recovery process (Zuthi et al., 2013) . The main operating parameters are summarized in Table 1 .
Temperature
Temperature affects both the metabolic activities of the microorganisms and their diversity (Li et al., 2010) . Ong et al. (2014) reported that superior phosphorus removal efficiency could be achieved at high temperatures (24, 28 and 32°C). Moreover, the enhanced phosphate removal efficiency has been observed at higher temperature with other typical biological reactions (Baetens et al., 1999; Brdjanovic et al., 1998) . In these studies, the optimized temperature for the phosphate removal ranges from 24 to 37°C and phosphate removal was inhibited at temperatures below 20°C. However, Bassin et al. (2012) found that the phosphorus removal efficiency was greater than 90% at 20°C compared to 60% at 30°C in the lab-scale SBR system. Apart from this, the effects of temperature (10-40°C) on the competition between PAOs and GAOs in anaerobic and aerobic environment revealed that the carbon source favours GAOs at high temperature (>20°C) so as phosphate removal is inhibited at this temperature range (Lopez-Vazquez et al., 2007) . The possible reason for this is glycogen transformation at lower temperatures may prefer PAOs to GAOs. As phosphate removal is inhibited in summer but better during winter at plant-scale (Gebremariam et al., 2011) , colder temperature facilitates phosphate removal/recovery. Moreover, Wang and Chen (2015) also recently stated that 5.44 Â 10 2 kg/day of phosphorus removed in winter compared with 3.92 Â 10 2 kg/day of P removed in summer at a full-scale plant. For this reason, Zheng et al. (2014) concluded that PAOs and GAOs are psychrophiles and mesophiles, respectively.
pH
Basically, organisms need more energy for substrate uptake at high pH and PAOs have more energy sources compared to GAOs. Thus, high pH could enhance phosphate removal/recovery efficiency (Gebremariam et al., 2011) . Wang et al. (2013) showed that the phosphate removal efficiency was higher at initial pH 7.8 than that at initial pH 6.6 in the aerobic/extended-idle (AEI) regime of SBR system. Simultaneously, more PAOs are observed at initial pH 7.8 compared with those at initial pH 6.6. However, some studies also indicated that the value of pH tends to be around 7.0 in EBPR system regardless of the initial pH (Liu et al., 2007) . Similarly, Gu et al. (2008) evaluated the full-scale EBPR plants under the pH ranges from 7.2 (anaerobic microenvironment) to 8.3 (aerobic microenvironment) and found that there was no association between pH and phosphorus removal and process stability. Thus, the effects of pH on competition between PAOs and GAOs have not been definitively established and more studies are needed.
Carbon availability and type
In wastewater treatment, chemical oxygen demand (COD) can mostly reflect the carbon. 90% of phosphate removed in the EBPR process is observed at the COD/P range of 18-20 (Chuang et al., 2011) . The microorganisms in the biological systems need carbon for synthesizing, accumulating and storing products so that the type and availability of carbon is important for the phosphate removal/recovery (Yu et al., 2014) . VFAs are the main carbon Anaerobic-phosphate release Aerobic/Anoxic-phosphate uptake Fig. 2 . The mechanism of P recovery via biological process (modified from Wong et al., 2013) . The anaerobic behaviours of PAOs include: carbon source uptake, storage of PHAs, P release, hydrolysis of polyp and glycolysis of glycogen while the aerobic/anoxic behaviours of PAOs consist of: biomass growth, utilize of PHAs, glycogen synthesis, P uptake and polyp synthesis. PAOs: polyphosphorus accumulating organisms; PHA: poly-b-hydroxyalkanoates; PolyP: Polyphosphate. source for phosphate release and uptake by PAOs (Yuan et al., 2012) and Zhang et al. (2011) believed that high VFAs level contributes to the low concentration of phosphate in the effluent and thus facilitates to the phosphate recovery. Additionally, Gebremariam et al. (2012) studied the effects of adding glucose to phosphate removal in EBPR system. They indicated that equal parts of glucose and acetate could improve the performance while EBPR system was inhibited with glucose as the only carbon source (Zengin et al., 2010) . Similarly, when acetate was used as the only substrate, the efficiency of phosphate removal was not satisfactory (Chuang et al., 2011; Gebremariam et al., 2012) . It was reported that the simultaneous presence of acetate and propionate as carbon sources (e.g. 75-25 or 50-50% acetate to propionate ratios) favours PAOs over to GAOs, regardless of pH, while the sole presence of acetate or propionate as the carbon source only favours PAOs over GAOs at a high pH (7.5) (Lopez-Vazquez et al., 2009) . Moreover, Wang et al. (2010) found that acetate as a sole carbon source could improve phosphate release better than propionate. However, the higher efficiency of phosphate recovery is observed while use of propionate as the sole carbon source (Hood and Randall, 2001) .
Dissolved oxygen (DO)
Low DO concentration can contribute to high phosphate removal/recovery efficiency since the proliferation of GAOs is reduced at such low DO levels (Winkler et al., 2011) . Thus, more carbon sources could be utilized to the proliferation of PAOs and due to this, the phosphate uptake by PAOs is improved. The effect of DO on phosphate removal was studied in the aerobic/extendedidle (A/EI) regime of the SBR system after operating for approximately 21 d . In this study, the phosphate removal is highly dependent on the concentration of DO and better efficiency of phosphorus removal (around 98.5%) is shown at low DO concentration (1 mg/L). In addition, the low DO level could accelerate the phosphate uptake and release rates. Carvalheira et al. (2014) also found that the decrease in the DO level enables PAOs to have advantages over GAOs because oxygen has comparatively better affinity for PAOs than GAOs at low DO concentration.
Comparison of biological phosphate recovery from the liquid and sludge phase
In normal sewage treatment, Cornel and Schaum (2009) found that approximately 11% of total phosphorus in influent is incorporated into the primary sludge while around 28% of incoming phosphorus load can be removed only through biological sewage treatment in the form of phosphorus-rich biomass with the discharge of surplus sludge. Thus, at least approximately 40% of incoming phosphorus load can be concentrated in the sewage sludge in the absence of EBPR system. In EBPR system, the content of phosphate in the surplus sludge can be enhanced (Yuan et al., 2012) . However, partial of incoming phosphorus load is still concentrated in the liquid phase through PAOs. As 90% of total phosphorus can be removed in sewage treatment (Tarayre et al., 2016) , EBPR system can combine with chemical precipitation, adsorption, membrane hybrid system or other processes to achieve the residuary 50% of total phosphorus load removal (Henze et al., 2008) . For biological phosphate recovery from the sludge phase, phosphate bound in the sludge phase can alternatively be converted into water-soluble form and then recovered. In addition, the popular solutions for phosphate recovery from the liquid phase mainly include Mg(OH) 2 , Ca(OH) 2 , MgCl 2 integrated with NaOH and CaCl 2 integrated with NaOH.
Membrane technology
In biological phosphate recovery process, membrane technology can be integrated with the biological wastewater treatment process to recovery phosphate directly and indirectly with high efficiency and purity from the liquid phase (Marbelia et al., 2014; Qiu et al., 2015; Zhang et al., 2014) . Qiu and Ting (2014a) recently reported that an osmotic membrane bioreactor (OMBR) which is obtained through biological sewage treatment process integrated with forward osmosis (FO) can directly recover phosphate within the bioreactor. The organic substances and part of nitrogen is also removed by biological metabolism in the bioreactor. Due to a highrejection rate, Ca 2+ , Mg 2+ , NH 4 + and PO 4 3À ions are rejected and concentrated within the bioreactor. Therefore, there is no need to add Ca 2+ , Mg 2+ and NH 4 + ions for phosphate recovery via chemical precipitation within the bioreactor. Based on the OMBR system, Qiu et al. (2015) added the microfiltration membrane (MF) to directly recover phosphate with higher purity. In the MF-OMBR system, FO rejects the phosphates while MF extracts the phosphate-rich supernatant in the bioreactor. Similarly, reverse osmosis can also be combined with OMBR for both recovering phosphate and producing clean water (Luo et al., 2016) . Further, salt accumulation and membrane fouling could also both be moderated within the MBR systems discussed above, which contributes to the better performance of membrane and microbiological growth, thus enhancing the efficiency of phosphate recovery. The possible reasons for the low membrane fouling are: a) the typical properties of FO membranes such as the smooth and hydrophilic nature and the relatively low water flux compared with that in traditional MBR systems can result in low membrane fouling in OMBR (Yap et al., 2012) ; b) osmotic backwashing is utilized for the foulants removal from the membrane surface (Achilli et al., 2009 ); c) FO can reject a wide range of contaminants and mineral salts, resulting in reduction in membrane fouling of downstream RO (Qiu and Ting, 2014b) ; and d) the use of osmotic pressure in OMBR system can cause the lower fouling potential compared with that of hydraulic pressure (Achilli et al., 2009; Cornelissen et al., 2008) . Moreover, soluble salts can be discharged through MF to alleviate the salt accumulation in OMBR system . Microbial fuel cells (MFC) can be used to recover phosphate from both liquid and sludge phases (Cusick and Logan, 2012; Fischer et al., 2011; Hirooka and Ichihashi, 2013) . Ichihashi and Hirooka (2012) used air-cathode MFCs to treat swine wastewater, resulting in 27% of phosphorus recovered through struvite. The possible for this is the value of pH near the cathode increases due to the accumulation of hydroxide caused by the depletion of proton and fluent alkali cations during oxygen reduction reaction (Zhao et al., 2006) . Hence, soluble phosphate can be precipitated with added magnesium and ammonia at high pH and struvite is formed. As the precipitation does not need to adjust pH, the use of MFC seems to be more economical than the conventional struvite precipitation due to reduction in consumption of chemicals for increasing pH (Jaffer et al., 2002) . Further, Tao et al. (2014) utilized a two-chamber MFC for phosphate recovery from synthetic wastewater and then found that approximately 80% of total phosphates can be removed via chemical precipitation while microbial community adsorbs about 4-17% of incoming phosphorus load. In this study, they observed that MFC can be applied to wastewater treatment under ambient conditions with small size of equipment so as it is economically utilized at small-scale plant. Moreover, MFC can reduce the production of sludge with quick launch the wastewater (Tao et al., 2014) . However, the accumulation of recovered phosphate (i.e. struvite) is observed on the surface of the cathode and thus this may inhibit the cathode's performance. Similarly, microbial electrolysis cell (MEC) as another type of electrolysis system has been conducted for phosphate recovery from wastewater with 40% of phosphorus recovered (Cusick and Logan, 2012) .
Besides, Fischer et al. (2011) utilized MFC for biological phosphate recovery from the sludge phase because it can release phosphate from digested sewage sludge to the liquid phase. The supernatant containing insoluble phosphate is then mixed with the addition of Mg 2+ and NH 4 + with simultaneous adjustment of pH, leading to the formation of struvite. The use of MFC is to transfer electrons and protons as a power source, which causes the reduction in insoluble phosphate and thereby forms more phosphate dissolved in the supernatant. In addition, bioleaching has been used to extract phosphate from rock phosphate because inorganic acids produced by some microorganisms can solubilize the insoluble phosphate bound in the rock (Sarlin et al., 2013) . Chi et al. (2006) utilized the bacterium Acidithiobacillus ferrooxidans (At. f.) which can produce sulphuric acid to release phosphate from rock phosphate despite of low leach efficiency of phosphate (11.8%). Based on this foundation, P-bac Ò process utilizes sulphuric acid derived from the proliferation of the specific microorganisms to extract phosphorus and heavy metals from SSA (P-bac, 2013) and achieved biomass containing rich phosphorus with 90% of total phosphorus recovered. However, information about the final product in this process is unavailable.
In conclusion, biological phosphate recovery from the sludge phase is more complicated due to the complex composition of sewage sludge (ash), compared to that from the liquid phase. Although phosphate recovery from the liquid phase may require some special facilities to achieve P recovery, biological phosphate recovery from the sludge phase may require fermentation of the sewage sludge and acid-resistant equipment and thereby it is not economical at a small plant-scale. Moreover, SSA is achieved through incineration of SS, thus recovering phosphate from that will cost much more than from other sources, which limit its application as a fertilizer source. Some by-products such as soluble (heavy) metals and acidic sludge may be produced in the phosphate recovery process from the sludge phase. However, this needs subsequent processing to reduce their risks to environment.
Application at plant-scale
EBPR system integrated with other process can create an effective system for phosphate recovery with high efficiency and purity (Shi et al., 2012; Tarayre et al., 2016; Yan et al., 2015; Zou and Wang, 2016) . In this study, inorganic solids separation, phosphorus recovery, and enhanced phosphate removal (SIPER) system are discussed which is part of the current phosphate recovery method (Fig. 3) (Yan et al., 2013) .
The biological nutrient removal (BNR) system (i) utilizes microbial metabolism, which aims at: a) decomposing organics; and b) removing toxic substances, heavy metals and phosphate while (ii) represents a side-stream enhanced sludge hydrolysis and acidification system which results in the reduction and solubilization of the sludge by cell destruction. This is followed by returning the treated sludge to the BNR system as a carbon source to improve biological performance. The side-stream inorganic solids separation system (iii) selectively separates the inorganic or inert solids from the sludge to avoid their accumulation in the sludge reduction process. For (iv), the side-stream phosphorus recovery system, phosphate are recovered as crystals from anaerobically digested supernatant containing rich phosphate. The cyclic activated sludge system (CASS) is used in the process and about 74.5% of phosphorus can be recovered as struvite.
Currently, the disposal of surplus sludge may increase the operational costs of wastewater treatment plants and also be potentially risky to the environment because of the sludge containing toxic substances (Tian et al., 2012; Wang et al., 2011a; Xie et al., 2013) . The surplus sludge can be utilized as a potential source for phosphate recovery; however, further processing is required with additional equipment, depletion of chemicals and/or energy which cause additional costs. Moreover, due to the limited amount of carbon source in wastewater (Hao et al., 2013; Zeng et al., 2013) and stringent requirement effluent concentrations of phosphate (Anzecc, 2000; Shepherd et al., 2016) , the external carbon source should be added to wastewater treatment to enhance phosphate removal/recovery efficiency. Obviously, the addition of carbon Fig. 3 . Diagram of the SIPER process (adapted from Yan et al., 2013) . In the SIPER process, the biological nutrient removal is combined with chemical precipitation to achieve more efficient nutrient recovery with less operational costs since the treated sludge could be returned as the carbon source. (i), (ii), (iii) and (iv) represent biological nutrient removal system, a side-stream enhanced sludge hydrolysis and acidification system, side-stream inorganic solids separation system and side-stream phosphorus recovery system, respectively. A, B and C present bio-selector, anaerobic zone, and aerobic zone, respectively. sources may put a great burden on sewage plants. In the SIPER system, the sludge produced in the BNR system is utilized to be supplementary carbon sources after being treated. This can reduce the sludge production and save the operational costs with simultaneous enhancement of denitrification for nitrogen removal. Besides, phosphate removal/recovery is achieved through the discharge of surplus sludge in the conventional biological phosphate removal/ recovery system. Thus, high efficiency of phosphate removal/ recovery needs considerable amount of discharge of surplus sludge. For this reason, the good performance of phosphate removal/recovery cannot be obtained with simultaneous reduction in surplus sludge. However, in the SIPER system most of incoming phosphate load is recovered via struvite crystallization which can be utilized as a fertilizer and the residual phosphate is removed with the discharge of surplus sludge. Hence, the phosphate removal/recovery is independent on the amount of the discharge of surplus sludge with simultaneous reduction in surplus sludge. The internal cycle of treated sewage sludge as the carbon sources and reduction in the production of surplus sludge can both decrease the costs of the SIPER system. This is despite the fact that the system may still deplete a lot of chemicals for phosphate recovery due to the formation of struvite and the complexity of the technology may somewhat affect the phosphate recovery efficiency and thereby inhibit its application. P-bac Ò process developed by Fritzmeier Umwelttechnik and the Institute of Hygiene and Environmental Medicine RWTH Aachen seeks to selectively recover phosphate from SSA through biotechnology (P-bac, 2013) . P-bac Ò process for selective phosphate recovery consists of two steps. Firstly, sulphuric acid produced by microbial proliferation is utilized to release phosphate and heavy metals bound in SSA to the liquid phase within few hours. The mixture is subsequently conducted through solid-liquid separation to achieve the residue which needs further disposal and the supernatant containing rich phosphate and heavy metals. It is worth noting that this step can be also applied in the mining industry to exploit heavy metals such as Cu and Zn. Secondly, the biomass which takes up phosphate is separated from the supernatant/ heavy metals and then processed, thus achieving selective phosphate recovery. Further, the residuary heavy metals are chemically processed and concentrated. According to P-bac Ò process, the recovery efficiency of total phosphorus is up to 90% while high content of heavy metals of solid can also be achieved. P-bac Ò process needs common operational environment such as low temperature and atmospheric pressure. In addition, this process reduces the depletion of chemicals, but it is highly dependent on microbial activity, thus biological stability and reliability may affect the successful application of P-bac Ò process at plant-scale. A solid containing high concentration of heavy metals can also be obtained from this process.
Economy
Phosphate recovery from the sludge phase is more costly in comparison to that from the liquid phase because: (i) it needs to release phosphate bound in SS/SSA to the liquid phase or to increase the bioavailability of insoluble phosphate, thus more equipment, downstream process and/or energy is required; and (ii) generates by-products which need further disposal and thereby increase the operational costs (Liu and Qu, 2016; Montag et al., 2009; Sartorius et al., 2012; Tarayre et al., 2016) . However, the high costs of membrane may inhibit the application of MBR for biological phosphate recovery while the accumulation of struvite on the cathode's surface may affect the performance of MFC in the biological phosphate recovery from the liquid phase. Furthermore, methane gas produced in the sewage treatment process can be utilized to generate energy for biological phosphate recovery if necessary.
During the biological phosphate recovery process, the energy is needed for the system's sustainability and renewable energy could be utilized to save costs. The price of recovered phosphate is not only highly dependent on product quality and market demand, but also related to the policy. Although phosphate recovery from sewage is not yet economically feasible compared with rock phosphate while application as a fertilizer (Molinos-Senante et al., 2011) , it is still significant to develop phosphate recovery system due to their increasing depletion. Nevertheless, recovering phosphate from sewage could not only effectively relieve the burden of increasing depletion of phosphorus sources, but also contribute to the disposal of heavy metals. The phosphate recovery could also enhance the dewaterability of the treated sludge and decrease the scaling speed, which reduces the operational problems such as pipe clogging and valve freezing at a full scale pilot study .
Future perspectives
As mentioned above, the economic feasibility of phosphate recovery from sewage could only be achieved when the concentration of phosphorus is more than 50 mg/L in the influent while the concentration of phosphorus in sewage is less than 10 mg/L. Thus, EBPR system shows considerable advantages in recovering phosphorus from sewage as it can concentrate phosphate in the liquid and sludge phase. However, this system cannot achieve good performance on removal of carbon and nitrogen. For this reason, its application should be considered on a caseby-case basis. Nevertheless, the successful application of biological phosphate recovery from sewage can still recover phosphate with high purity and benefit the operation of sewage treatment (e.g. reduction in the flow back of phosphate with digester supernatant and operational costs due to avoiding the occur of incrustations). Basically, the successful application of biological phosphate recovery is highly dependent on the changes in concentrations of phosphate influent (Wang et al., 2011b) and the activities of PAOs under alternating anaerobic and anoxic/aerobic microenvironment. Moreover, the sufficient carbon sources are quite important for biological phosphate recovery due to theirs providing the energy for metabolism. As the carbon sources are normally limited (Hu et al., 2011; Naessens et al., 2012) , high efficiency of biological phosphate recovery should be achieved through the design and operation of sewage treatment plants. After solving the challenges mentioned above, the efficient and effective EBPR system for phosphate recovery can be much more accessible. In addition, further studies on the performance of biological phosphate recovery and analysis of their recovery efficiency and quality of recovered phosphate from different phases are essential. This will contribute to a positive effect on developing the market of recovered phosphate. Based on the legislative framework of contaminants and ecotoxicity, analysis on the properties of recovered phosphates is also important to assess their potential in agriculture as well as economic feasibility (Kataki et al., 2016) . The high costs of phosphate recovery including processing, transportation and distribution may inhibit the application of recovered phosphate as a fertilizer as the conventional fertilizer is more economical. Hence, more studies should be conducted to reduce the cost of phosphate recovery and reuse to make the application of recovered phosphate more economic feasibility. For example, seawater which consists of abundant Mg could be utilized as the Mg source for biological phosphate recovery integrated with struvite while renewable energy such as solar energy could be used for sustainability and operation of the system. Both of these methods could decrease the cost of phosphate recovery while enhancing the development of other industries. It is worth to noting that the climatic and edaphic factors could also influence the application in terms of outcomes. As such, the application of recovered phosphates needs more systematic research to enhance the market development of recovered phosphate.
Conclusion
Through recovering the limited deposits of phosphorus, effects of sewage discharge on environment can be minimized while supplementary source for phosphorus can be generated. The biological phosphate recovery from sewage is highlighted because it can enable phosphate enrichment from the high quality of wastewater. Although the stability and reliability of the biological process are challenges for phosphate recovery and low content of phosphorus in sewage, the potential application remains. Consequently, further study on the current problems inherent in biological phosphate recovery process is necessary.
